ABSTRACT In this paper, we have utilized a poly(vinylidene difluoride) poly(styrene) sulfonic acid patterned ion-conducting membrane as a platform onto which electronics based on both depletion mode and enhancement mode ion-modulated transistors have been built. The flexible membrane itself acts as both the substrate for, and the electrolyte in, the two transistor types. This is possible since the membrane is modified so that it is ion-conducting in certain places and insulating in others. The two transistor types have different semiconductors, one being conducting (the depletion mode transistor) and the other nonconducting (the enhancement mode transistor) in the normal and un-biased state. Both transistor types are potentially-driven with the crucial difference that the depletion mode transistor channel is electrochemically operated. The two transistor types are fabricated simultaneously on the same substrate, but more complicated structures such as inverters and ring-oscillators, operating at low voltages, are presented in this paper to demonstrate the usefulness of the membrane as a platform for cheap and disposable electronics.
I. INTRODUCTION
Organic Field Effect Transistors (OFETs) are currently being developed for use in large area printed electronics in applications on flexible substrates. For this purpose it is important to develop solution processable, low-voltage OFETs. By replacing the OFET dielectric with an ion-conducting material, one can potentially solve some of the problems usually associated with printing OFETs on flexible substrates, problems such as rough substrates, low on-currents and solvent dissolving of underlying layers during solution deposition. The use of a versatile membrane onto and into which different types of electronic devices can be integrated can be of great use when manufacturing cheap and disposable electronics. Here we present two separate types of transistors (one of the most difficult electronic devices to fabricate on a rough substrate) that are fabricated into the same substrate simultaneously. More complicated electronic systems, such as ring-oscillators, containing ten separate transistors are also presented to demonstrate the versatility of the membrane.
A. PATTERNED MEMBRANE AND THE ION-MODULATED TRANSISTOR
We make use of membrane based ion-modulated transistors to create inverters and ring-oscillators on a flexible substrate. The transistor models used are the enhancement mode (EM) membrane-FET and the depletion mode (DM) electrochemical transistor as reported by Kaihovirta et al. [1] - [3] EM and DM refer to the transfer characteristics of the two transistor types, not the mode of charge transportation in the respective semiconductors. Also, the transfer characteristics of the DM device presented here behaves differently compared to that of classical DM devices, as the drain (D) current of the former increases with decreasing gate (G) bias (see Section III). Both transistor types used are built on the same patterned poly(vinylidene difluoride)-poly(styrene) sulfonic acid, PVDF-PSSA, ion conducting membrane. The non-conductive porous PVDF membrane is patterned using an electron beam irradiation induced grafting technique [1] , [3] - [5] which makes the membrane ion-conductive in selected areas. This ion-conductive part is then used as electrolyte in both transistor types.
The reason for using an electrolyte is that capacitances in the range of 10 µF/cm 2 are achievable. In order to achieve similar values with traditional OFET dielectrics one must increase the dielectric constant significantly or make the dielectric film ultra-thin. If we look at the capacitance of an OFET and an ion-modulated transistor (IMT) with the same gate-channel separation we find that the capacitance of the OFET is inversely proportional to the gate-channel separation. In an IMT the ions in the electrolyte are free to move around and during operation electric double layers (EDLs) form at the gate/electrolyte and electrolyte/semiconductor interfaces. The capacitance in this IMT is now inversely proportional to the separation between the cations and holes in the EDL at the electrolyte/semiconductor interface, which is less than a nanometer. If the gate-channel separation for the OFET and IMT were e.g. 500 nm, respectively, the difference in capacitance between these two devices would then be around three orders of magnitude [6] .
In a polyelectrolyte one of the ion species is immobile. In the case of PVDF-PSSA the anion is covalently bonded to the polymer backbone and immobile while the cation, a proton in this case, is free to move about in the electrolyte. The advantage with using a polyelectrolyte is that electrochemistry involving the immobile anion and the semiconductor is virtually impossible. The drawback is that the otherwise thin electric double layer (strong electric field) that would form at the electrolyte/semiconductor interface if the anion was mobile, is now wide (weak electric field) [2] .
B. ENHANCEMENT MODE TRANSISTOR
The EM transistor is a vertically stacked bottom gate, top contact, p-type, ion-modulated transistor (EM PIMT) [1] . A 2D transistor structure can be seen in Fig. 1(a) -(c) and a 3D representation of the device in the top-left-hand corner of Fig. 2 . As the membrane is robust, flexible and self-supporting, it is used as the substrate for the transistors and as such it can be used in roll-to-roll printing techniques. The gate is applied on the bottom side of the membrane directly underneath the electrolyte. Poly (3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT-PSS) is used as gate as it is conductive in its normal state. The semiconductor, poly(3-hexylthiophene) (P3HT), is then applied on top of the electrolyte followed by the gold source (S)-and drain electrodes. In the normal state, when the gate electrode is connected to ground, the channel in the EM PIMT is non-conductive. When a negative bias is applied to the gate, positive ions in the electrolyte move towards the gate and depending on the gate material either create an electric double layer (metal) at the gate/electrolyte interface or electrochemically oxidize (PEDOT-PSS) the gate. The opposite (reduction) reaction cannot occur in the opposite direction, but since the anions are covalently bonded to the polymer backbone (making it a polyelectrolyte), the ions cannot move to the electrolyte/semiconductor interface. As a result the electric double layer at this interface will have its negatively charged ions distributed inside the bulk of the electrolyte and only the positively charged holes in the semiconductor will be neatly stacked at the electrolyte/semiconductor interface. The electric field at this interface will thus be weaker and the amount of holes accumulated in the channel will be smaller compared to a situation where the ions are mobile. The advantage here is that the risk of the anions penetrating and un-intentionally doping the semiconductor during operation is minimized. Connecting the gate electrode to ground will redistribute the ions evenly in the electrolyte closing the channel in the semiconductor, turning the transistor off [2] .
C. DEPLETION MODE TRANSISTOR
The DM (electrochemical) transistor is a lateral p-type, ion-modulated transistor (DM PIMT) [3] having the gate-, source-and drain electrodes and the semiconductor placed on the same side, in the same plane, of the membrane. The electrolyte is located inside the membrane. In order to more clearly demonstrate the transistor operation a 2D schematic illustration of a DM PIMT in a vertical structure has been plotted in Fig. 1 
(d)-(f)
. A 3D representation of the transistor structure that more resembles the actual device has been plotted in the bottom-right-hand corner of Fig. 2 . PEDOT-PSS is used as electrodes as well as the semiconductor. This is possible since PEDOT-PSS is conductive in normal ambient atmospheres. This also means that the transistor is in on-state when the gate is connected to ground. In order to turn off the device the conductivity in the channel (the semiconductor strip between the S-D electrodes) needs to be pinched off. The channel is connected to the gate via the electrolyte in the membrane. When a positive gate bias is applied protons travel from the gate electrode, through the electrolyte, into the channel reducing the semiconductor to its non-conductive form via the red-ox reaction: [7] . As the electrons, needed in the reaction, are supplied by the drain electrode the semiconductor is being reduced to its non-conductive form, PEDOT 0 , closest to the drain electrode. This non-conductive region is expanding in all three dimensions into the channel volume. When every possible conduction path between the source and drain electrodes has been severed in the channel, the transistor is effectively turned off. In order to re-open the channel the gate electrodes must be connected to ground. For a faster response a negative bias can be applied to the gate electrode. As the gate electrode material is also PEDOT-PSS the opposite, oxidation, reaction is occurring at the gate electrode during closing of the transistor channel. In order to have sufficient amount of protons available (for reducing and closing off the channel while simultaneously avoiding over-oxidizing of the gate electrode) it has been shown that the gate area must be about ten times bigger than the electrolyte area connected to the channel [8] . The reason for this is that in ambient conditions PEDOT (Clevios TM P) is partially oxidized [7] , [9] . A contributing factor is also the continuous re-oxidation of both gate and channel in ambient conditions [8] . This is the reason for the specific shape used for the electrolyte (shown in the bottom-right corner of Fig. 2 ).
D. DEVICE SPEED
Devices built with electrolytes are more robust and more suitable for printing techniques because they are less sensitive to variations in the thickness of the electrolyte layer due to the fact that they are potential driven. It has been shown that the S-D current level is independent of the electrolyte thickness [10] , [11] . There are also drawbacks with these types of devices. A device with a thick electrolyte layer will switch slower than a device with a thin layer, due to slow ion motion. Electrolytes are often highly sensitive to humidity and in the case of the EM device there is also a risk of electrochemical doping (e.g. oxidation) of the semiconductor causing ions to penetrate the semiconductor during operation, resulting in slow-switching devices [2] , [12] , [13] . These drawbacks can partially be mended by making the devices (especially the channel dimensions) smaller, [14] by modifying the polyelectrolyte to prevent electrochemistry and by operating the device at low voltages.
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E. ADVANTAGES WITH THE PATTERNED MEMBRANE PLATFORM
The fact that both transistor types can be printed on the same membrane using the same electrolyte can be a very useful feature. Other devices such as electrochromic displays, sensors and/or power sources such as supercapacitors can also be fabricated on the same membrane and using the same electrolyte. The DM device can be constructed so that the gate and channel are placed on the same or opposite sides of the membrane. Also the EM device has the gate electrode on the opposite side as the source and drain electrodes. As a result the problem of building artificial vias can be avoided with clever circuit design. The membrane also serves as a natural separator/barrier where some devices, e.g. human interface devices, can be located on one side of the membrane while other devices, e.g. electronic circuitry, can be separated/hidden on the other side of the membrane. As such, this membrane can be used as the platform on which partial or whole electronic systems can be manufactured using cheap, roll-to-roll compatible fabrication techniques. In this paper we present two different inverters. The first one is based on the EM PIMT only, while the second one is based on the combination of an EM PIMT and a DM PIMT. We further demonstrate how this membrane platform can be used to create more complicated circuits by combining up to ten transistors, using both EM-and DM devices, to create functioning ring-oscillators.
II. EXPERIMENTAL

A. MEMBRANE
As a substrate for the transistors we have used a patterned poly(vinylidene difluoride) (PVDF) film with 200 µm thickness and 0.22 µm pore size. The PVDF membrane itself is not ion conducting. In order to achieve this, the film is sulfonated utilizing the electron beam irradiation induced grafting (EB) technique. The technique has been reported in detail before [1] , [3] - [5] . By using an aluminum mask during the EB process we can tailor-make the membrane to be ionically conducting in selective areas. Thus, the PVDF film is patterned with ionically conducting poly(vinylidene difluoride) poly(styrene) sulfonic acid (PVDF-PSSA) sections. The membrane is thick and robust, but still flexible, and removes the need for other substrates. Both the base material and the functional group can be replaced to change the transistor properties, e.g. for various sensor applications. A failure resistance test was performed on a membrane that was ion-conductive in its entirety. This was done since the ion-conductive part of the membrane is more prone to failure due to mechanical handling. A 4 x 2 cm membrane, with a drop casted PEDOT-PSS stripe, was attached between two walls (short sides attached to walls) according to the insert of Fig. 3(a) . The membrane was bent inwards and the radius, r, and resistance, R, were recorded and plotted in Fig. 3(a) . The resistance remained fairly unchanged during the test, until r = 0.5 mm when the membrane cracked. The experiment was carried out in air at room temperature at 46% RH. Further investigation is needed in order to determine the effect of repeated bending. A tensile strength test was done on a patterned membrane containing both ion-conducting and non-conducting parts, as depicted in the measurement setup in Fig. 3(b) . The maximum force that could be applied on the membrane was 7.6 N and the membrane strength was determined to be 5.9 kNm/kg. The experiment was carried out in air at room temperature at 58% RH. The test was performed using an L&W Tensile Strength Tester with a 200 N load cell and at a speed of 12 mm/min.
B. EM PIMT
The semiconductor used in the EM PIMTs is poly(3,3"'-didodecyl quarter thiophene) (PQT-12) (American Dye Source Inc.) dissolved in anhydrous 1,2-dichlorobenzene, 99% (DCB) (0.38 wt%). Several layers of semiconductor were applied by spray casting to achieve better conductivity on a fairly rough membrane surface than a single layer would. Between the layers the semiconductor was left to dry for a few minutes to avoid excess penetration into the PVDF-PSSA layer. Other solvents such as chlorobenzene, toluene and chloroform have also been tested and produce devices with similar electrical behavior. Spin casting has also been tried but the semiconductor solution easily penetrates the complete membrane layer resulting in large gate leakage. Spray casting is also better suitable for roll-to-roll manufacturing processes and there is no visible penetration to the bottom side of the membrane. The thickness of the semiconductor layer has not been measured, but based on the color we estimate it to be on the order of 200 nm. Gold source and drain contacts were vacuum evaporated through a shadow mask on top of the semiconductor. The 50 nm thick electrodes form a 35 µm long and 1500 µm wide channel. The gate used is water-based poly(3,4-ethylenedioxythiophene) VOLUME 3, NO. 2, MARCH 2015 61
poly(styrenesulfonate) (PEDOT-PSS) (Clevios TM P) (1.2 wt.%) dispersed in ethylene glycol (5 vol%) . The use of a high-boiling point, polar solvent, like ethylene glycol, in the PEDOT-PSS water dispersion will increase the conductivity of the film. The reason is that, during the drying process after the water has evaporated, when the remaining extra solvent evaporates, it phase separates the excess non-conductive PSS chains from the conductive PEDOT-PSS chains, leading to better pathways for charge transport in and between the PEDOT-PSS chains [15] - [17] . The gate can be applied with various printing techniques [3] but in this experiment it was applied by drop casting on the bottom side of the membrane directly underneath the channel creating a 1 mm wide stripe. (Fig. 2) The thickness is difficult to measure on the soft substrate but based on the color and measured resistivity it can me estimated to at least a few micrometers. The gate resistance was measured to be roughly 500 /cm. The gate and the semiconductor were applied in room temperature at 26% relative humidity.
C. DM PIMT
The fabrication process of the DM PIMT only includes one step, namely drop casting of the gate and the channel. The material used is PEDOT-PSS dissolved in water. The inclusion of ethylene glycol and the used ratios are the same as for the EM device. This step can also be done with various printing techniques [3] . The dimensions of the channel and the distance to the gate are critical factors for the device performance. A thicker channel conducts better but is also more difficult to pinch off. In order to achieve saturation and good modulation the channel should be thin and located as close to the gate electrode as possible (Fig. 2) . Again, it is difficult to measure the exact thicknesses of the PEDOT-PSS gate and channel. However, the gate thickness and resistivity is similar to that of the EM PIMT gate. The area of the gate is here a circle with a radius of 2-3 mm covering the electrolyte surface. The channel PEDOT-PSS is thinner than the gate; on the order of 1 µm and a higher resistance (∼50 k ), calculated from transfer curves. Both gate and channel were applied in room temperature at 26% RH.
D. DEVICE CHARACTERIZATION
All device characteristics were measured using an Agilent 4142B Modular DC Source/Monitor with suitable LabVIEW programs. The output of the inverters and ring-oscillators were amplified using a unity gain buffer amplifier, build with an AD8642 operational amplifier, in order to minimize the load on the devices being characterized. All measurements were carried out in air at 26% relative humidity.
III. RESULTS AND DISCUSSION
A. TRANSISTOR CHARACTERISTICS
The transistor characteristics of both the DM-and the EM devices are strongly dependent on the humidity. This is a property of the polyelectrolyte [2] . The transistors need to be operated in a humid atmosphere in order to function properly. Drying the membrane will cause the devices to lose their transistor characteristics, resulting in devices more resembling resistors [2] . In the EM device a too high humidity will cause high off-currents due to increasing ionic conductivity [13] . The devices presented here were all measured in an ambient atmosphere. Typical output and transfer characteristics of the DM-and EM devices can be seen in Figs. 4 and 5 and the key electrical characteristics have been listed in Table 1 . It can be seen that the transistors have large off-currents. This causes poor on/off-ratios and will result in power hungry electronics. A slightly dryer device would reduce the off-currents for the EM PIMT and the use of a printer to apply the channel in the DM PIMT would produce a thinner channel resulting in a transistor that can be turned off more effectively. The devices presented here have by no means been optimized for peak performance.
B. RING-OSCILLATOR USING EM PIMTs
To demonstrate that the EM PIMT can be used in electronic circuits, it was combined with a resistor to form an inverter. The drain resistance used was 324 k and the operating voltage, V DD , used was -2 V. The switching time of this inverter was about 10 seconds and its input-and output characteristics can be seen in Fig. 6(a) . A five-stage ring-oscillator was also constructed using EM PIMTs. Here, 47 k resistors and a -1.5 V operating voltage was used. The resulting oscillation frequency was about 50 mHz and the propagation delay time bout 2 seconds.
The slow switching speed of the individual inverters and the ring-oscillator is due to the ion migration in the polyelectrolyte and the formation of electric double-layers at the insulator/semiconductor interface. This can be seen as large hysteresis in the EM PIMT transfer curve in Fig. 4(b) . In the ring-oscillator output (Fig. 6(b) ) a slight decrease in oscillation amplitude and decrease in oscillation frequency is due 62 VOLUME 3, NO. 2, MARCH 2015 to the individual transistor instabilities. This instability is seen, in inverter curves, as a slight drift in the level of the output signal compared to the input signal over time. In a stability test an inverter was switched on and off every 10 seconds for 12 hours. During this time the output signal drifted from −0.48 V to −0.51 V. The reason for the instability can be the PEDOT-PSS gate which is electrochemically active and exchanges protons with the environment, leading to a change in the gate conductivity.
C. RING-OSCILLATOR USING BOTH EM PIMTs AND DM PIMTs
An enhancement mode and a depletion mode device were then combined to make an inverter. The chosen inverter setup, seen as insert in Fig. 7(a) , is depletion mode. In theory, larger amplification can be achieved with depletion mode than with enhancement mode. Though, poor saturation in the output curves can diminish this advantage. The EM PIMT acts as the drive and the DM PIMT as the load. Basic requirements for this setup are that the on-current of the drive transistor is clearly larger than, and the off-current smaller, than the on-current of the load transistor. All devices were measured in air. The output and input curve of the inverter can be seen in Fig. 7(a) and shows an amplification of 2.2. Five of these inverters were then used to build a ring-oscillator and the output can be seen in Fig. 7(b) . The oscillation frequency of this device was roughly 100 mHz and the propagation delay time about 1 second. The decrease in signal amplitude and decrease in oscillation frequency during operation is even more pronounced here compared to the earlier ring-oscillator ( Fig. 6(b) ). This is due to the fact that here we have ten transistors, each made by hand, and every device stabilizes to slightly different levels. 
D. IMPROVING THE DEVICE PERFORMANCE
Apart from using the IMTs as humidity sensors, the observed problems with humidity can be solved or mended in a few ways. The most direct option would be to laminate the membrane, resulting in a constant humidity level in the devices. Another method would be to modify the membrane to be less prone to water uptake e.g. with a proton scavenger. The membrane itself can also be exchanged with any flexible plastic with any dimension (less water uptake and smaller dimensions lead to faster switching devices [19] ). The speed-limiting factor in these devices is the internal resistance of the polyelectrolyte. This can be mended by changing the chemistry of the polyelectrolyte and counter-ion, increasing the ion-mobility. CMOS technology could also be introduced in order to improve the switching speeds and power consumption. Here the membrane could be modified so that the polyelectrolyte would instead contain a mobile anion and an n-type semiconductor would be used. Even without changing the transistor materials or structures the devices presented can be improved by mechanizing the fabrication process [18] . This would lead to thinner films that can be switched on and off more efficiently. A similar DM PIMT device to ours e.g. with a thinner PEDOT-PSS channel has been shown to achieve on/off ratios of ∼5000, albeit on PET [8] .
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IV. CONCLUSION
Although the un-optimized devices presented in this report have slow switching times, the concept of using this membrane platform to create electronics on in a cheap and simple way to, for instance, create disposable sensor systems is still a viable concept. The fact that devices can be built easily on both sides of the membrane opens up new ways to build otherwise complicated devices. Here we demonstrate the manufacturing of depletion mode and enhancement mode type ion-modulated low-voltage transistors on a self-supporting patterned membrane. The membrane has been patterned so that only parts of the membrane are ion-conducting. These ion-conducting areas are used as electrolytes in EM-(non-electrochemical) and DM (electrochemical) type transistors, respectively and simultaneously. We have shown that inverters constructed of both types of transistors can be used to manufacture larger electronic systems, such as ring-oscillators, containing up to ten transistors, using the patterned membrane as a platform. 
